The Šalek val ley used to be ex posed to huge amounts of pol lut ants due to its close vicin ity to the larg est Slo vene ther mal power plant of Šoštanj (ŠTPP).
In tro duc tion
The Šoštanj Ther mal Power Plant (ŠTPP), which is lo cated at the bot tom of the Šalek val ley, in the north-cen tral part of Slovenia, has been op er ated since 1956; to tal in stalled power of 755 MW was es tab lished in 1975 when Unit 5 was built. The ŠTPP is the larg est pro ducer of elec tric ity in Slovenia, now a days pro duces al most 30% of the elec tri cal en ergy of the state. Due to large emis sions of both SO 2 (in the pe riod be fore in stal la tion of desulphurization de vices emis sions ranged from 80,516 t in year 1983 to 123,382 t in year 1995, tab. 1, and heavy met als (an nual emis sions reached up to 298 t of Zn, 60.6 t of Cr, 22.1 t of Pb, 4.5 t of As, 0.3 t of Hg, and 0.2 t of Cd) as well as dump ing of fly ash (as a re sult of the com bus tion of lig nite in the ŠTPP) pro nounced neg a tive ef fects on the en vi ron ment ap peared (e. g. for est de cline in the emis sion area of the ŠTPP, pol lu tion of the lake Velenje and the river Paka). There fore, eco log i cal remediation of the ŠTPP (desulphurization of ex haust gases; pri mary mea sures for re duc tion of NO x , re con struc tion of elec tro static fil ters, con struc tion of closed loop sys tem for ash trans port) started in the be gin ning of 1990s; more over, pro found re search stud ies of rea sons and ef fects of for est de cline and deg ra da tion of en vi ron ment be gan as well.
A re duc tion of neg a tive im pacts on the en vi ron ment rep re sents the ba sis for sus tain able de vel op ment of the Šalek val ley, where a se vere anthropogenic im pact re sulted in marked pol lution of eco sys tems. There fore, tem po ral trends in the stage of en vi ron men tal pol lu tion in ter res trial eco sys tems have been con tin u ously as sessed by em ploy ment of sev eral bioindicators, such as Nor way spruce nee dles, tree-rings and roe deer ant lers [2] [3] [4] [5] ; more over, mon i tor ing programmes of the qual ity/pol lu tion of fresh wa ter eco sys tems (Velenje lake and Paka river) have also been performed since early 1990s [6] [7] [8] . In the pres ent pa per, de ter mi na tion of ef fi ciency of desulphurization de vices be ing con structed on the ŠTTP on the vi tal ity of for est eco sys tems is emphasised. Apart from this, tem po ral change of pH, which re flects pol lu tion with cal cium hydrox ide and car bon ate due to flay ash trans port into the Velenje lake, is also pre sented.
Ma te rial and meth ods

Study area
The ŠTPP is lo cated at the bot tom of the Šalek val ley, at an al ti tude of 370 m, in the north-cen tral part of Slovenia, in the al pine and pre-al pine veg e ta tion prov ince with mod er ate con ti nen tal cli mate. Pre vail ing winds are from the west and east, which has an im por tant im pact on the dis tri bu tion of pol lut ants in the area. In this re spect it is im por tant that the ground layer of the fre quent ther mal in ver sions usu ally does not ex ceed 100 m, which is far be low the height of the power sta tion chim neys. There fore, pol lut ants are spread over the hilly mar gins up to 1100 m above sea level, where the up per in ver sion layer oc curs. The se lected sam pling sites (tab. 2) differ re gard ing al ti tude, dis tance, and di rec tion from the ŠTTP.
The Velenje lake, which is the big gest lake in the Šalek val ley, is sit u ated in the cen tral part of the val ley in the for mer ba sin of the river Lepena along its af flu ent Sopota. It ap peared af ter the Sec ond Word War due to coal-min ing. The sur face of the lake is 1.35 km 2 , the vol ume 25 million m 3 , and the depth near 70 m. This sub si dence lake was used as a res er voir for ash and ash trans port wa ter from the ŠTPP from early 1980s to the mid dle of 1990s [9] .
Sam pling pro ce dures
Ascor bic acid (vi ta min C), photosynthetic pig ments (chlo ro phyll a, b), and to tal sulphur con tent were mea sured in cur rent-year nee dles of spruce (Picea abies (L.) Karst.) in the period 1991-2008 to as sess the phys i o log i cal state of spruce-trees and con se quently the con di tion of for est eco sys tem. Sam pling of cur rent-year nee dles of Nor way spruce were car ried out follow ing the pro ce dure de scribed in the ICP rec om men da tion [10] . Five vi tal trees in the age of 60-100 years were se lected per site; from each tree we col lected nee dles from the sev enth spindle of branches from the top. Branches were cut off and left over night in the dark at 4 °C for further pro cess ing of nee dles. Nee dles were frozen in liq uid ni tro gen and lyophilized prior to analy ses.
Tree-rings (an nual in cre ments of wood) of Scots pine (Pinus sylvestris L.) as the most suit able tree spe cies for his tor i cal biomonitoring of am bi ent pol lu tion with Cd and Pb in Slovenia [11] were sam pled at four lo ca tions in the Šalek val ley (tab. 2) by spe cial for estry drill (Suunto) at the breath height of four dif fer ent trees (one per lo ca tion). For re con struc tion of tem po ral trends, an nual tree-rings were dated and sep a rated on 5-years in ter vals later in the lab o ra tory. Ant lers of 129 roe deer (Capreolus capreolus) bucks, shot in the pe riod 1961-2004, were col lected in four ar eas of the Šalek val ley (tab. 2) from lo cal hunt ers own ing tro phies at their homes. Bone sam ples were taken fol low ing the method de scribed by [12, 13] . To elim i nate the pos si bil ity of sec ond ary con tam i na tion, ant lers were thor oughly cleaned with a ny lon brush; more over, the bone sur face was re moved by grind ing. Af ter wards, a hole was drilled into the back of each beam ap prox i mately 1.5 cm above the ant ler-pedicle junc tion, us ing a tungsten-car bide cut ter fit ted to a hand-held elec tric drill. Be tween 1 and 3 g of bone pow der were col lected from both ant lers of an in di vid ual.
Chem i cal anal y sis
Ascor bic acid and photosynthetic pig ments were analised by high per for mance liq uid chromatography [14] [15] [16] [17] , and to tal sul phur by colorimetric ti tra tion us ing an AOK-S (ad sorbed or ganic halo gens) analyser [18] . Heavy metal con tents were de ter mined in tree rings (Cd, Pb) and in roe deer anters (Pb). Mi cro wave di ges tion sys tem (Mile stone, Ethos plus) was used for the wet di ges tion of sam ples. Bone and wood sam ples (1.5000 ± 0.0010 g) were weighed into the mi cro wave ves sels to which 10 ml of conc. HNO 3 and 2 ml of H 2 O 2 were added. Af ter di gestion, sam ples were di luted to 50 ml with dou ble deionized wa ter (Barnstead Nanopure In fin ity sys tem). In duc tively cou pled plasma mass spec trom e try (ICP-MS Agilent 7500c) was used for Pb and Cd de ter mi na tion. Lev els of flu o rides in roe deer ant lers were de ter mined by com bined dry and acid com bus tion in so lu tion with the use of an ion-se lec tive elec trode (Metrohm 6.0258).
Sta tis ti cal anal y sis
Statistica for Win dows 7.1 soft ware pack age [19] was used for all sta tis ti cal anal y ses; the limit of sta tis ti cal sig nif i cance was set at p < 0.05. All re sults re gard ing Nor way spruce needles rep re sent an nual mean val ues, cal cu lated on the ba sis of data pro vided for se lected five spruce trees per sam pling site, sam pled at ten lo ca tions in the emis sion area of the ŠTPP in the pe riod 1991-2008. Ex is tence of cor re la tions be tween dif fer ent vari ables was tested by cal cu lating the Spearman rank co ef fi cients. In the fol low ing sec tions, all re sults are given ei ther as mg/g (to tal sul phur, ascor bic acid, and pig ment con tent) or as mg/kg (Pb, Cd, and F con tent) on a dry weight ba sis. Heavy metal lev els in tree-rings and roe deer ant lers had a non-nor mal dis tri bution; there fore, non-para met ric meth ods were used. Kruskal-Wallis anal y sis of vari ance (ANOVA) was em ployed to test the dif fer ences in Pb lev els in roe deer ant lers among 10-year in ter vals.
Re sults and dis cus sion
To tal sul phur con tent in Nor way spruce nee dles Ex po sures of the en vi ron ment of the Šalek val ley to sul phur were as sessed by mea suring the to tal sul phur con tent in spruce nee dles. The av er age an nual sul phur con tent in nee dles was di rectly cor re lated with the av er age an nual emis sions of SO 2 in the pe riod 1991-2008 (R = = 0.91, P < 0.001, N = 17). Anal y sis of sin gle year nee dles in di cated that sul phur con tent is highest at sites close to the power plant (e. g. Veliki vrh, Topolšica, Lajše), and where al ti tude co incides with that of fre quent ther mal in ver sions (e. g. Zavodnje) [2, 20, 21] .
From the sul phur con tent in nee dles it is pos si ble to draw only par tial con clu sions about the phys i o log i cal state of spruce trees. The classes of to tal sul phur con tent in spruce nee dles used in Aus tria [22] were ac cepted and mod i fied by the Slovenian For estry In sti tute to es ti mate for est con di tion/de cline [23] . Ac cord ing to to tal sul phur con tent, each tree was as signed to one of four classes. Nee dles as signed in the first class con tain the nat u ral level of sul phur (<0.97 mg/g); needles in the sec ond class have an in creased sul phur con tent, but a de fo li a tion of the crown is not expected (0.97-1.24 mg/g); in the third (1.24-1.58 mg/g) and fourth classes (>1.58 mg/g) dam ages to nee dles are more fre quent and pro nounced [23] .
By mea sur ing the con tent of sul phur in Nor way spruce nee dles in the pe riod 1991-2008 the ef fi ciency of desulphurization de vices on the ŠTPP was con firmed. In deed, the mean an nual level of to tal sul phur has been con tin u ously de creas ing, drop ping from the fourth class (>1.58 mg/g) in the pe riod be fore in stal la tion of the desulphurization de vice on Unit 4 of the ŠTTP (be fore 1995) to the third class be fore the con struc tion of sim i lar de vice in 2000, and then to the first class (<0.97 mg/g; nat u ral con tent of sul phur) af ter 2005. Sig nif i cantly, in this year SO 2 emis sions from the ŠTPP were for the first time in the study pe riod be low 10,000 t per year ( fig. 1) .
The phys i o log i cal sta tus of Nor way spruce
Phys i o log i cal con di tion of spruce trees, sam pled in the area in flu enced by the ŠTPP, was in ves ti gated by de ter mina tion of con tents of vi ta min C and photosynthetic pig ments in cur rent-year Nor way spruce nee dles. Mean an nual con cen tra tions of vi ta min C are presented in fig. 2 . As a rule, the de fence mech a nism of plants and con se quently con tent of vi ta min C in their tis sues should in crease with in creas ing air pollu tion [24] [25] [26] [27] . How ever, in the pe riod of the larg est emis sions of sul phur di oxide (1991-1994), the low est mean concen tra tions of vi ta min C in spruce nee - dles were found ( fig. 2) . Im me di ately af ter the first sig nif i cant re duc tion of SO 2 emis sions in 1995, con tents of vi ta min C in nee dles started in creas ing and reached the peak in 2000, al though emis sions re mained al most un changed in that pe riod. Such a trend is com pa ra ble with some previ ous stud ies from highly pol luted ar eas [28] [29] [30] . If spruces trees were ex posed to high SO 2 emis sions for a long time, the an ti ox i dant de fence mech a nism would be dam aged and the content of vi ta min C would not in crease as ex pected. In our study area, pre vi ous huge emis sions of SO 2 were firstly sig nif i cantly re duced af ter the in stal la tion of the desulphurization de vice on the Unit 4 of the ŠTPP in Feb ru ary 1995. There fore, it is most likely that af ter a long last ing stress in 1980's and early 1990's the de fence mech a nism in spruce nee dles has started re pair ing and the nor mal mech a nism of for ma tion of an ti ox i dant has been re-es tab lish ing af ter the im ple men tation of this mit i ga tion mea sure. Af ter the sec ond sig nif i cant re duc tion of emis sions of SO 2 (af ter the in stal la tion of the desulphurization de vice on the Unit 5 of the ŠTPP in No vem ber 2000) con tents of vi ta min C im me di ately dras ti cally di min ished, and re mained al most un changed after wards ( fig. 2) .
In or der to as sess the health sta tus of in ves ti gated trees we also mea sured the con tent of photosynthetic pig ments, since ox i da tive stress tends to re duce chlo ro phyll (es pe cially chlo rophyll a) con tent. Mean an nual con cen tra tions of to tal chlo ro phyll (a + b) in cur rent-year nee dles are shown in fig. 3 . A very clear in crease of spruce vi tal ity af ter 1995 was con firmed; in deed, after this year a to tal chlo ro phyll con tent gen er ally ex ceeded the limit value of 1.5 mg/g (in di cating tree in jury) [31] . Pre sum ably, de crease of the to tal pig ment con tents in years 1996, 1997, and 2002 were not cor re lated with air pol lu tion; rather, a lower vi tal ity of trees (i. e. lower contents of pig ment) in these three years re flects the im pact of some cli ma tic stress (e. g. high summer tem per a ture and drought in years 1996 and 2002).
Tree rings as a his tor i cal bioindicator of heavy metal pol lu tion
An nual rings of dif fer ent tree spe cies were em ployed for ret ro spec tive re con struc tion of trends in en vi ron men tal pol lu tion with Pb and Cd in the Šalek val ley [5] . Remediation measures made at the ŠTPP have con trib uted to a great de crease of emis sions and to im por tant reduc tion in pol lu tion; con se quently, pro nounced de crease in Cd con tent (and to a leaser de gree also in Pb con tent) in tree rings grown in years af ter the con struc tion of flue-gas clean ing devices on the ŠTPP chim neys were found in sev eral tree spe cies (e. g. Nor way spruce, Eu ro pean larch, trem bling pop lar, com mon birch, and Scots pine; fig. 4 ). Among these spe cies, Scots pine was se lected as the most suit able ret ro spective bioindicator for as sess ing trends in en vi ron men tal pol lu tion with Cd and Pb due to ex is tence of highly sig nif i cant pos i tive cor re la tions be tween an nual SO 2 or dust emis sion from the ŠTPP and Cd/Pb con tents in an nual rings of the spe cies [11] .
Roe deer ant lers as a his tor i cal bioindicator of lead and flu o rides pol lu tion
Roe deer ant lers are a use ful tool for his tor i cal biomonitoring since they ac cu mu late po ten tial bone-seek ing pol lut ants and are kept as tro phies in well-dated col lec tions [4, [32] [33] [34] . For re construc tion of his tor i cal trends in en vi ron men tal pol lu tion with Pb and flu o rides, their con tents were mea sured in 129 ant lers of roe deer, shot in the pe riod 1961-2004 in the Šalek val ley. The fol low ing con clu sions were made [33, 34] A con tin u ous de cline of Pb and flu o rides con tents in roe deer ant lers con firmed effi ciency of remediation mea sures for reduc tion of en vi ron men tal pol lu tion (e. g. con struc tion of re mote heat ing sys tem in 1970s; in tro duc tion of un leaded petrol in 1990s, and es pe cially in stal la tion of desulphurization de vices on the ŠTPP in the end of 1990s; fig. 5 ). (c) Ex is tence of strong cor re la tions be tween an nual emissions of SO 2 and an nual Pb or flu o rides lev els in roe deer ant lers con firmed that remediation mea sures be ing made on the ŠTPP have im por tantly con trib uted to a lower ex po sure of wild life in the Šalek val ley.
The Velenje lake
Due to elec tric ity pro duc tion and coal-min ing in the Šalek val ley the sur face of val ley has sub sided, the de pres sions that formed have a vol ume of 1000 mil lion m 3 un til now; therefore, three sub si dence lakes orig i nated. The Velenje lake was used as a res er voir for ash from the ŠTPP, there fore wa ter be came pol luted with cal cium hy drox ide and car bon ate, and the pH of the lake was around 12 (!); more over, the run-off from the Velenje lake caused de po si tion of lime stone in the river Paka. High al ka lin ity of wa ter of the lake did not en able or gan isms to sur vive in such an en vi ron ment. Since a closed loop sys tem for ash trans por ta tion was built in 1994 pollu tion of the Velenje lake and the Paka river has stopped. In deed, the abiotic con di tions im proved in a way that al lowed or gan isms to again live in the lake (al ka lin ity di min ished soon af ter the con struc tion of the closed loop sys tem, and the pH value re mained be tween 8 and 9), and it has been recolonized by al gae, fishes, frogs, macrophytes, and other or gan isms. There, fishes of sev eral spe cies con tain very low amount of heavy met als now a days, in di cat ing that the qual ity of the sur face wa ters in the Šalek val ley is pretty high [6, 8, 9, 35] .
Con clu sions
On the ba sis of pre sented data the most sig nif i cant find ings and con clu sions are as follows. · After the installation of desulphurization devices on Units 4 and 5 previous extremely high SO 2 and dust emissions have been dramatically reduced. Lower exposure to ambient pollution results in better vitality of Norway spruce trees, as well as in rising of their defence capabilities. The biomonitoring of total sulphur levels in spruce needles, which reflects the exposure of spruce trees to SO 2 emissions, confirmed the efficiency of desulphurization devices on the ŠTPP. Indeed, the mean annual content of total sulphur has decreased from the fourth class (>1.58 mg/g) in the period before the installation of the desulphurization device on Unit 4 of the ŠTTP to the first class (<0.97 mg/g) after 2005, and needles of Norway spruce from the Šalek valley nowadays contain only natural amounts of sulphur. · By using retrospective bioindicators (tree-rings and roe deer antlers) a reconstruction of trends in environmental pollution with heavy metals and some other toxic substances (e. g. fluorides) can be made. Both Pb and fluorides contents in roe deer antlers and Cd/Pb levels in annual tree-rings confirmed that the remediation measures of the ŠTPP reduced the environmental pollution with these substances, and also that exposure of ecosystems to toxic substances has been significantly decreased in the last decade. · With the reconstruction of flay ash transport system (closed water cycle) in 1994 the pollution of the Velenje lake and the Paka river has stopped. The lake became alive again (alkalinity diminished and pH value has remained between 8 and 9), and it has been recolonized by algae, fishes, frogs, macrophytes, and other organisms. · Ecological remediation of the ŠTPP evidently reduced the environmental pollution in this part of Slovenia and enabled a sustainable development of the Šalek valley, which used to be polluted with different inorganic toxic substances in the past [2, 9, 34, 36, 37] . Therefore, mitigation approach being employed in the Šalek valley and particularly on the ŠTPP (together with several essential up-following biomonitoring programmes) should represent the model approach for reducing the man-made pollution in the emission areas of thermal power plants, with the aim to improve the quality of live of citizens as well.
